[1] Satellite radar altimeter-derived sea surface heights (SSH) are in error in coastal regions due, in part, to the complex nature of echoes returned from rapidly varying land and sea surfaces. This paper presents improved altimeter-derived SSH results in Australian coastal regions using the waveform retracking technique, which reprocesses the waveform data through a ''coastal retracking system''. The system, based upon a systematic analysis of satellite radar altimeter waveforms around Australia, improves SSH data from several retrackers depending on the waveforms' characteristics. Central to the system is the use of two techniques: the least squares fitting and the threshold retracking algorithms. To overcome the problem of fading noise, the fitting algorithm has been developed to include a weighted iterative scheme. The retrackers include five fitting models and the threshold method with varying threshold levels. A waveform classification procedure has also been developed, which enables the waveforms to be sorted and then retracked by an appropriate retracker. Two cycles of 20-Hz waveform data from ERS-2 have been reprocessed using this system to obtain the improved SSH estimates. Using the AUSGeoid98 gravimetric geoid model as a quasi-independent reference, the system improves SSH estimates from beyond $22 km to beyond $5 km from the coastline.
Introduction
[2] The quality of sea surface height (SSH) measurements from satellite radar altimetry in coastal regions is hindered not only by less reliable geophysical and environmental corrections [e.g., Fernandes et al., 2003; Chelton et al., 2001] , but also by the noisier radar returns from the generally rougher coastal sea states and simultaneous returns from reflective land and inland water [e.g., Mantripp, 1996; Andersen and Knudsen, 2000] . For instance, ERS-2 altimeter SSHs can be contaminated by these factors up to a maximum distance of $22 km offshore the Australian coast [Deng et al., 2002] . As such, many scientists avoid the use of SSHs in coastal regions [e.g., Nerem, 1995] , typically beyond 20-50 km of the coast [Strub and James, 1997] .
[3] The profile of backscattered power (i.e., waveform) from a satellite-borne radar altimeter is described by the Brown [1977] model, which is based on specular reflection from the open sea surface. As illustrated in Figure 1 , the ideal waveform consists of three main parts: thermal noise, leading edge and trailing edge. If the waves on the ocean surface are assumed to be linear (which is not necessarily true in the coastal zone), the corresponding statistics of surface elevation and slopes are Gaussian (i.e., the oceansurface height distribution is symmetric about some mean value). Therefore, the altimeter waveform is an odd function relative to the midpoint (i.e., half-power point) on the leading edge of the returned waveform, and the range to the at-nadir sea surface corresponds to this midpoint. The Brown [1977] model is thus the general function used by on-satellite data processors [Chelton et al., 2001] .
[4] Close to the coastline, however, the altimeter simultaneously ''views'' both water and land surfaces. These two scattering surfaces may have different elevations, but the shortest range to the altimeter depends on the distance to the shoreline, and the slope and radar reflectivity of the land [Brooks et al., 1997; R. L. Brooks, personal communication, 2002] . The on-satellite tracking of the midpoint on the waveform's leading edge is sensitive to the width of the middle gate, which is centered on the tracking gate and consists of averages over two or 16 waveform samples. The middle-gate along-track footprint for 20 Hz measurements varies from 8.5 km to 15 km for ERS-2 depending on the presence of surface roughness [cf. Chelton et al., 2001, p. 36; Deng et al., 2002] . As this footprint gets closer to the coastline, the slant range to reflectively higher land may be shorter than that from the nadir ocean surface. Since the altimeter measures the shortest range (first return), the land return within the footprint contributes to the power received by the altimeter, thus contaminating the returned waveform. The shape of the waveform can also be significantly affected by the generally rougher coastal sea states, or from inland water. For example, calm (i.e., more radar-reflective) water surfaces near the coastline, such as bays and estuaries, make the returned power peaked. These land-contaminated and peaked waveforms can be difficult to track using only the open-ocean Brown [1977] model.
[5] Retracking altimeter waveform data in coastal regions to obtain improved SSHs has been the subject of comparatively little study. Thus far, two approaches have been applied: the fitting and threshold techniques. The first fits an analytical waveform model to the observed waveform data to determine more accurate range estimates [e.g., Anzenhofer et al., 2000] . This fitting function is based upon the 5-parameter function developed by Martin et al. [1983] , choosing either a linear or an exponential trailing edge. An alternative method used by Brooks et al. [1997] is a modified threshold retracking technique [cf. Wingham et al., 1986; Davis, 1997] , which retracks the ocean return from the land-contaminated waveforms close to the coastline. To the authors' knowledge, most previously published retracking efforts in coastal zones use algorithms developed for ice sheets, and only a single retracker is used. However, it will be shown in this paper that using only a single retracker limits the precision of recovered SSHs due to the diverse waveform shapes in coastal regions.
[6] A comprehensive analysis of waveform shapes at the Australian coast led to the need to develop a ''coastal waveform retracking system''. The primary idea behind the system is that several retrackers must deal with the majority of the coastal waveforms, and they must complement one another. As a case study, the system is applied to the Australian coast using two cycles (42 and 43) of ERS-2 20 Hz waveform data (March to May 1999). The SSH before and after retracking is compared with an external quasi-independent reference of the AUSGeoid98 gravimetric geoid model [Featherstone et al., 2001] , which verifies the effectiveness of the system. The term quasi-independent reflects that altimeter-derived gravity anomalies were one of the data sources for this model.
[7] It is acknowledged that the instantaneous SSH is not equivalent to the geoid (loosely mean sea level). The difference between them includes the time-variant component (e.g., tides) and the time-invariant component (e.g., the ocean surface mean dynamic topography (MDT)). The former can be removed by averaging, and the latter can be removed by a MDT correction to the SSH. However, the MDT models are usually designed for resolving basin-wide scales and hence are highly smoothed [e.g., Levitus, 1982] . Applying such a MDT correction in coastal regions may cause an additional error to the SSH, which might be larger than the errors of other geophysical and environmental corrections. Therefore, the MDT was not applied to the SSH data in this study. Assuming that the MDT is a bias in the coastal zone, the verification of any improvement in the SSH will be seen in the standard deviations (STD) of the mean difference, with a smaller value indicating an improvement in the SSH.
Costal Waveform Retracking Design and Implementation

System Design
[8] Retracking is a procedure of waveform data postprocessing that aims to improve parameter estimates over those given as part of the standard altimeter ''geophysical data products''. These parameters include the range correction due to the estimation algorithm used and the limited computational time on board the satellite [e.g., Hayne, 1980; Rodriguez, 1988] . It is determined through estimating the offset of the actual tracking gate, which is related to the midpoint on the leading edge (see Figure 1) , from the predesigned tracking gate that is used by default during onsatellite processing. This correction is then applied to the range calculated by the onboard algorithm.
[9] Because of the presence of various waveform shapes in coastal regions (see section 3.2), a coastal waveform retracking system, which consists of different retracking algorithms, should be considered when attempting to extract the precise SSHs from these land-contaminated waveforms. We have found that these are the fitting functions of the ocean, 5-and 9-parameter models, and threshold retracking algorithm (see Appendix A).
[10] The ocean model (equation (A1)), without the nonlinear ocean wave parameter, has been used as a main retracker in this system due to its clearly physical description of the ocean surface. By quantitative comparison to the 5-parameter model (equations (A6) and (A9)), the slope of the trailing edge modeled by the 5-parameter model has a larger range of variation than the ocean model (see Appendix B) . This advantage makes the 5-parameter model more capable of fitting non-ocean-like or irregular waveforms in coastal regions than the ocean model. Thus, the 5-parameter model replaces the ocean model for irregular-shaped waveforms in our system.
[11] To deal with peaked waveforms reflected from calm coastal or inland water surfaces, the threshold retracking technique with 50% threshold level (Appendix A2) was used. However, it is found that the 50% threshold level Figure 1 . Schematic altimeter mean return waveform over sea surfaces. The ERS-2 waveform is recorded in 64 range bins or gates. The spacing of the gates is 3.03 nsec or 454 mm. The leading edge usually spans 3 -4 range bins.
cannot always give improved results, particularly in the area closest to the coastline where peaked waveforms are more prevalent. To validate the appropriate threshold level, a statistical analysis was performed to suggest the quality of the retracked SSH data. This turned out a detailed selection of the appropriate threshold levels (see section 2.3). A variable threshold level of 50% or 30% depending on the waveform shape is finally used in the system.
[12] Since valid SSH data can only be recovered from ocean returns, it is not necessary for our system to reprocess waveforms dominated by land returns. However, it is significant that the system can correctly categorize the waveforms, so that they can be retracked using a more appropriate retracker. This has generated an additional waveform classification stage to sort waveforms based on their different shapes, and thus indicate which retracker should be used for each. When retracking costal waveforms using all possible retrackers, improved SSHs result, but biases exist among different algorithms. Thus, an algorithm assessment has been implemented to analyze and estimate these biases (see section 2.4).
[13] Finally, Figure 2 illustrates how coastal waveforms are reprocessed to give the corrected SSH data: a specific retracker (fitting or threshold) is applied to each waveform based upon the earlier classification. When using the fitting algorithm, an adequate fitting function must be selected and the iterative nonlinear fitting procedure is used. Since a linear solution to a non-linear problem is sought, the fitting algorithm does not always work [Zwally et al., 1990; Davis, 1995] . Therefore, the threshold retracking replaces the iterative least squares fit to compute the retracking correction if and when the fitting procedure fails. Threshold retracking works both for peaked waveforms and those that fail with the fitting algorithm. Also, the system automatically selects the appropriate threshold level for each waveform depending on its categorized shape.
Data Weighting and Outlier Detecting
[14] An appropriate weight scheme is essential when using the fitting algorithm. In general, the trailing edge shows more obvious undulations than any other parts of the waveform due to the ''fading'' noise, which is caused by the incoherent superposition of signals from different reflecting facets [Partington et al., 1991; Quartly and Srokosz, 2001] . The noise in the trailing edge greatly influences the iterative fitting procedure and accurate results may not be estimated. To solve this problem, two approaches are usually used. The first is to average waveforms in the time span of several seconds to reduce noise, and then to fit a model to this averaged waveform [e.g., Hayne and Hancock, 1990; Fairhead et al., 2001 ]. The second is to give less weight to the waveform samples in the trailing edge [Zwally et al., 1990; Brenner et al., 1993; Anzenhofer et al., 2000] .
[15] However, the averaging procedure is not always appropriate in coastal regions, because true ocean waveforms will be distorted by land-contaminated waveforms within the averaging window. The approach of down weighting the trailing edge, such as the a priori weights (p i 0 ) scheme used by Anzenhofer et al. [2000] , cannot completely overcome the problem caused by undulations in the trailing edge. Therefore, an outlier detection approach from an iterative weight scheme was developed and used.
[16] In this iterative procedure, the initial least squares adjustment is conducted using the a priori values and a priori weights (p i 0 ). After the first adjustment, a new weight function w i is given as [e.g., Li, 1988] 
where v i and s 0 2 are estimates of the parameter correction vector and unit weight variance, respectively. The next step then is to determine the weight (p i j+1 ) for the next adjustment using w i as follows:
where j means the j-th iteration in the adjustment. In the meantime, the parameter estimates take the place of the original estimates; the entire cycle is repeated to produce improved estimates. In this way, the observations considered to contain the outlier will be downweighted but still be kept in the data set, while non-outlier observations will maintain full weight after each iterative cycle.
Selection of the Threshold Level
[17] There are two concerns related to the selection of the threshold level. The first is that threshold values should be higher than both the noise and the spectral leakage in the start/end gates. The second is that the values should be sufficiently lower than the sought-after ocean returns. Brooks et al. [1997] determine different threshold values for 18 TOPEX ground tracks near land based upon a visual examination method. These values were then used to retrack the coastal waveform along the same satellite pass. This method is advantageous because it accounts for the power backscattered from different reflecting surfaces. However, because an automatic selection of the threshold level is not available, this restrains the technique from retracking the wide range of waveforms in coastal regions.
[18] Considering the various waveform shapes in the coasts, four threshold schemes are investigated before arriving at the final threshold level in this study. They are as follows: (a) Fixed counts, which is defined as 50% of the mean-waveform amplitude in counts. (b) 50% of the waveform amplitude. (c) 30% and 50% of the waveform amplitude. The 30% waveform amplitude is selected to retrack waveforms within 0 -5 km from the coasts, while the 50% of the waveform amplitude is used after 5 km. . STDs of the mean differences in ten 0-5 km areas from the Australian coastline. Waveforms are threshold retracked using four threshold levels of (scheme (a)) fixed counts, (scheme (b)) 50% of amplitude, (scheme (c)) 30% of amplitude, and (scheme (d)) varying level of 50% or 30% of amplitude. Figure 5 . STDs of the mean differences in ten 5 -10 km areas from the Australian coastline. Waveforms are threshold retracked using three threshold levels of (scheme (a)) fixed counts, (scheme (b)) 50% of amplitude, and (scheme (d)) varying level of 50% or 30% of amplitude. distorted waveform, the threshold level is set to 30% (or 20% depending on the reflecting surface); otherwise the 50% of waveform amplitude is set.
[19] In order to ascertain the appropriate threshold level, one cycle of 20 Hz ERS-2 waveform data (March to April 1999) in ten 15°Â 15°areas around the Australian coast were used (Figure 3 ). The AUSGeoid98 gravimetric geoid model [Featherstone et al., 2001 ] was used as external ''ground truth'' for the comparisons. Waveforms were threshold-retracked using the above four schemes. For each along-track altimeter SSH after retracking, the gridded AUSGeoid98 geoid height was bi-spline-interpolated to the longitude and latitude of the altimeter ground point. Descriptive statistics were computed from the difference between the SSH and geoid height. Figures 4 and 5 show STDs of mean differences in two distance bands of 0 -5 km and 5 -10 km around Australia's coasts (Figure 3 ), respectively.
[20] In both Figures 4 and 5, STDs are large in most of the areas before retracking. In the 0 -5 km distance band (Figure 4 ), after threshold retracking using scheme (b), the STD decreases in five areas, but increases in the other five. The reason for this is that the mostly varying land topography and still water can heavily contaminate the waveforms, so that many waveform shapes do not follow the ocean model. This suggests that the 50% threshold level is not an appropriate selection for the waveforms within 5 km of the coast. After retracking using schemes (c) and (d), the STD shows improvements in seven areas. Of them, the results from the scheme (d) show the most significant improvement. In contrast, scheme (a) gives the least improvement, and even worse results in most areas after retracking. For areas 5, 8 and 10, an appropriate threshold level of 20% was found. As can be seen from the ordinate scale in Figure 5 (5 -10 km distance band), STDs decrease with increasing the distance from the coasts. All schemes, except for scheme (a), show similar results in most areas. This implies that less waveform contamination occurs in these areas, which agrees with results by Deng et al. [2002] .
[21] The count-fixed level (scheme a) cannot follow the variations in the scattering surfaces. It assumes that the retracking amplitude of the ocean waveform does not change with varying surface roughness or topography. However, this is not the actual case, even over ocean surfaces. The 50% threshold retracking level (scheme b) is set too high to capture the ocean returns for the contaminated waveforms in coasts. Setting the 30% threshold level within 5 km from the coast and the 50% threshold beyond 5 km (scheme c) presents an improved result, but causes a step in the ranges after retracking where the threshold level suddenly changes. Nevertheless, the 30% (or 20% in some areas) and 50% threshold levels (scheme d) over large areas of the coastal regions appear more reasonable (Figures 4 and 5).
Assessment of Biases Among Retracking Algorithms
[22] In order to investigate the biases among different retrackers, ERS-2 waveform data over an open ocean area (50 -350 km from the coastline, area 3 in Figure 3 : 30°S < f < 15°S, 105°E < l < 120°E) were retracked and analyzed using the 50% threshold level, the ocean model and 5-parameter model. The 5-parameter function with an exponential trailing edge was not used, because the results of Anzenhofer et al. [2000] indicate that the bias between the 5-parameter functions with the linear and exponential trailing edges is insignificant ($1.3 ± 10.8 cm). Retracked SSHs are used to compute the along-track SSH differences between different retrackers.
[23] A cubic polynomial function is fitted to all SSH differences. The linear term is used as the bias estimate, and biases for cycles 42 and 43 are listed in Table 1 . The bias between 5-parameter and ocean fitting models is small and almost statistically insignificant. However, significant biases of $57 cm and $56 cm are found between the 50% threshold algorithm and 5-parameter model and ocean model, respectively. As such, these retracked ranges from 5-parameter and ocean models are longer than those from 50% threshold retracking. The biases in Table 1 also indicate a good agreement about the bias estimates from two cycles of ocean waveform data.
[24] The biases between the fitting and threshold retrackers are caused by the algorithm itself [Fairhead et al., 2001] . Threshold retracking takes no account of noise in the waveform (especially in the trailing edge), and how this noise affects the leading edge from one waveform sample to the next. The fitting algorithm is still affected by noise in the trailing edge. Thus, the bias problem results from the effect of noise in the fitting algorithm, as well as too simplistic assumptions in the threshold retracking.
[25] The relative biases among retracking algorithms (Table 1) are then removed from the threshold-retracked range measurements. As the biases strongly depend on the algorithm adopted, they can also be determined by other methods. For example, Dong et al. [2002] validate the absolute bias between the altimeter-derived sea level and that derived by the tide-gauge measurements using a local geoid model, MDT model, and a GPS ellipsoidal height at the tide-gauges. This could be applied to estimate the absolute biases between different retracking algorithms. However, this remains an open issue for future work because of limited availability of such data at the time of this study.
Application to the Australian Coast
Data and Editing
[26] As well as two cycles of ERS-2 20 Hz waveform data, external data were used to provide information necessary for data editing and valuation. They are the GSHHS (0.2 km resolution) shoreline model [Wessel and Smith, 1996] , the Australian DEM (9 00 Â 9 00 resolution, version 2), the DS759.2 (5 0 Â 5 0 resolution) ocean depth model [Dunbar, 2000] , the Australian bathymetric model (30 00 resolution) [Buchanan, 1991] , and the AUSGeoid98 (2 0 Â 2 0 resolution) gravimetric geoid model [Featherstone et al., 2001] . As stated, the MDT is not applied to the SSH data in this study, so any improvement in the SSH will only be seen in the STD.
[27] After retracking, geophysical corrections supplied with the waveform data by NRSC [1995] were applied to both retracked and unretracked range measurements to obtain the SSH. Since the electromagnetic (EM) bias correction caused by ocean surface waves is not supplied Figure 6 . Waveform shapes vary as track 21636 leaving land to water. The high-peaked specular responses are due to off-nadir brighter (or calm) water. The waveform shifting (À22.25°< f < À22.15°) is probably caused by the operation of the altimeter. The arrow beside the axis of presentation of the latitude indicates the direction of the satellite moving along the ground track.
with the waveform data products used in this study, it was not applied to the range measurements. Neither were the Doppler range corrections applied because most values were found to exceed the error criterion of ±55 cm given by NRSC [1995] .
Waveform Classification
[28] Contaminated waveforms [cf. Deng et al., 2002] around the Australian coast have been categorized, which is needed to choose the appropriate retracking algorithm. A detailed example of typical waveform categorization is given here from one ascending ground track 21636 off the northwest Australian coast (Figure 6 ). It is important to observe the departure of the mid-point on the waveform's leading edge from the expected tracking gate (i.e., 32.5 for ERS-2).
[29] Figure 6 shows ascending pass 21636 going from land to water. The waveforms present different shapes, such as high-peaked and land-contaminated, and then a change to typical ocean shapes at around À22.1°latitude. The waveform shifting in the range window is clear, which is probably due to the change of operation modes of the altimeter at the coast [Deng, 2004] . For most of the contaminated waveforms (Figure 6 ), a distinct leading edge is observable; in some cases, double ramps are apparent, and in others, high peaks with sharp ramp and rapidly decreasing trailing edge are apparent.
[30] The contaminated waveforms in ten 15°Â 15°A ustralian coastal regions ( Figure 3 ) are categorized in Table 2 . Most contaminated waveforms (80.19%) have ocean-like shapes. The mean width of these waveforms is similar to that of ocean waveforms, whereas the mean peak value is larger. The remaining waveforms have single prepeaked (4.65%) and high-peaked (4.35%) waveform shapes. Others, such as single mid-peaked and post-peaked, double pre-peaked and post-peaked, and multi-peaked waveforms, fall in the range 0.73% -1.35%. Although there is only a small percentage (12.34%) of non-ocean-like waveforms, they are found closer to the coastline (1.73-3.12 km on average), indicating further that a retracking system containing several retrackers is necessary.
[31] In addition, from waveform categorization, highpeaked waveforms take a larger percentage of contaminated waveforms (from 5.4% to 6.9%) in north-west Australian coastal areas 1, 3 and 4 in Figure 3 because of the rugged coastline, complex sea states and inland/standing water [Thom, 1984] .
[32] The percentages of waveforms retracked by fitting and threshold algorithms are listed in Table 3 . It can be seen that 81% to 96% of waveforms in the study area can be retracked by the least squares fitting algorithm. The rest of Here f and l are the latitude and longitude, respectively (see Figure 3 ).
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DENG AND FEATHERSTONE: A COASTAL ALTIMETRY RETRACKING SYSTEM the waveforms (the last column) still require threshold retracking ($4% to $17% for both cycles). The percentages of different retrackers used vary from area to area depending on the reflecting surface topography. As to the fitting algorithm from Table 3 , $98.5% of waveforms can be fitted by the ocean or 5-parameter models. A maximum 1% of waveforms are fitted using the 5-parameter model with an exponential trailing edge. In addition, a maximum 0.4% of waveforms are fitted by the 9-parameter model with either a linear or an exponential trailing edge.
[33] The statistics corresponding to six 5-km-wide distance bands from the coastline has also been calculated. According to the results of both cycles, 65% and 35% of waveforms are retracked by the fitting and threshold algorithms in a distance band of 0 -5 km, respectively. From 5 -10 km, 96% and 4% of waveforms were retracked by the fitting and threshold algorithms, respectively. As to the rest of four distance bands from 10 km to 30 km, 98% waveforms were retracked by the fitting algorithm, while 2% needed to be threshold retracked. Overall, the waveform shapes generally agree well with the typical ocean waveform beyond 10 km offshore.
Analysis of the SSH Data Before and After Retracking
[34] The comparison is performed by calculating the difference dh between the retracked SSH h r and unretracked SSH h g at the same location along each ground track. This difference (dh = h r À h g ) represents the sum of the bias of SSH data before and after retracking and the error removed by retracking. The mean and STD of the difference are calculated in six 5-km-wide bands from the coastline. Choosing different distance bands allows us to see how close to the coastline the altimeter ranges are improved by retracking. Results are listed in Tables 4 and 5 for cycles 42 and 43, respectively.
[35] It is also found that biases exist between the SSH data before and after retracking. The computed biases are 30 cm between 50% threshold-retracked and unretracked SSHs and À27.6 cm between fitting-function-retracked (ocean and 5-parameter models) and unretracked SSHs [cf. Deng, 2004, p. 166] . These biases are caused by the limitations on the altimeter's onboard computing power and the time taken to update the onboard processor to make its next range estimate. The result is range biases, which are a function of the significant wave height (SWH) and the off-nadir angle [Hayne, 1980] . The bias can be corrected from the instrument correction computed by ground data processing systems or by waveform retracking (G. S. Hayne, personal communication, 2002) . However, the range still remains uncorrected in the waveform products supplied by NRSC [1995] . Therefore, while bias is removed from the retracked range measurements, it still affects the unretracked range taken from the waveform products. This is the most plausible reason for the bias between the SSH data before and after retracking.
[36] As mentioned in section 2.4, relative biases among retracking algorithms are applied to threshold-retracked SSHs, so that the retracked SSH is based on a reference of the ocean model. As such, we need only be concerned with the bias of À27.6 cm between SSHs before and after retracking using fitting functions. It should be noted that this bias is not applied to the individual SSH. Instead, it is applied to the mean difference between the SSHs before and after retracking in Tables 4 and 5 to analyze only the error removed by retracking. The STD of the SSH differences in Tables 4 and 5 decreases with increasing distance offshore. The STD decreases to <1 m for distances > 15 km from the coastline. Because the comparison is conducted at the same along-track point and same time, the satellite orbit error, geophysical corrections and other errors cancel on taking the difference between the retracked and unretracked SSH. Therefore, large STDs indicate that the significant error occurs due to contamination near the coastline.
[37] If only considering the bias (À27.6 cm), the important amount of error removed by waveform retracking is À51 cm and 8 cm for cycle 42 in distance bands of 0-5 km and 5 -10 km, respectively, while the results do not show a significant amount of error in the rest of the four distance bands. Similar results can be found for cycle 43, for which the amount of error in distance bands of 0-5 km and 5 -10 km is À51 cm and 14 cm, respectively. This suggests that retracking can effectively remove the altimeter tracking error in coastal regions, particularly 0-10 km. When the satellite ground track goes further to the open ocean, the tracking error becomes less significant. In this study, the tracking error is $À3 cm. This agrees well with the À2.37 cm from Brenner et al. [1993] .
Collinear Analysis
[38] The collinear differences, which are computed using altimeter-derived SSH profiles obtained along identical ground tracks but for different time periods, are next employed to estimate how the retracking system improves the altimeter data in coastal regions. The relative collinear offset between the profiles is dH = H 2 À H 1 + e, where the SSH measurements at the same point, H 1 and H 2 , occur at different times of cycles t 1 and t 2 , and e is a random [39] The collinear differences remove the long-wavelength geoid and MDT as well as variations of the ocean surface, representing thus the amount of orbit error, altimeter range measurement error and temporal variations of the surface over oceans. In coastal regions, the random error also includes the tracking error caused by coastal topography. After removing the satellite orbit error, SSH data from repeat cycles can also be used to determine the mean sea surface [Wang and Rapp, 1991; Nerem, 1995] . Thus, the STD of dH is used as a measure of the quality of a retracking algorithm's range estimate. If errors caused by waveform contamination can be removed by retracking, this will result in smaller STDs.
[40] The descriptive statistics of the collinear 20 Hz SSH differences and STDs computed from cycles 42 and 43 were calculated both before and after retracking. The Results are plotted via six 5-km-wide distance bands in Figure 7 . The STDs of dH after retracking are smaller than STDs before retracking in all distance bands, particularly 0 -15 km from the coastline. It is clear from this comparison that retracking improves the precision of altimeter range estimates in all distance bands but to different extents, especially in distances of 0 -15 km (Figure 7) . After 15 km, the STDs after retracking are still slightly smaller than STD values before retracking, again indicating improvement.
Evaluation of SSH Data Using Geoid Heights
[41] The collinear analysis of SSH data along repeating tracks can determine the internal consistency (i.e., precision) of altimeter measurements. In order to assess the accuracy of the retracked data, and to determine how the retracked SSH profiles represent the true sea surface, an independently surveyed reference is required. The surface used is the AUSGeoid98 2 0 Â 2 0 gravimetric geoid grid [Featherstone et al., 2001] . The difference between the 20 Hz SSHs before and after retracking and corresponding bi-spline-interpolated geoid height is computed along the ground tracks. 3.5.1. Single-Track Retracked Results
[42] Two ground tracks 21085 and 21364 were chosen. The 20 Hz SSHs and AUSGeoid98 geoid height profiles are plotted versus the along-track distance from the coastline in Figure 8 . The typical near-land effects on unretracked SSH profiles begins at the along-track distance of $20 km for track 21085 (Figure 8, top) and $17.5 km for track 21364 (Figure 8, bottom) . When approaching the coastline, unretracked SSHs decrease and then gradually increase, showing the V-patterns. The difference between the retracked and unretracked SSH heights can reach $À5 m within $10 km for both tracks. In contrast, the geoid heights show a nearlinear trend within the whole distance. Since altimeterderived SSHs should provide the same geoid structure, but different noise components from observations, such large differences with respect to the geoid clearly shows the general waveform contamination problem that exists in the untracked SSH data.
[43] In addition, according to the shape of the unretracked SSH profiles, the along-track SSH and corresponding geoid gradients were computed. The results from track 21085 (Figure 8, top) show that along-track AUSGeoid98 geoid gradients are small, from 9.2 to 10.9 ppm (mm/km) when the ground track is 0 -7.5 km and 7.6-19.5 km from the coastline. For the same distances, unretracked-SSH gradients are 975.6 ppm and À509.2 ppm. Since the maximum geoid gradient is $150 ppm in Australia [cf. Friedlieb et al., 1997; Featherstone et al., 2001] , such SSH gradients are unrealistic and thus due to onboard tracking algorithm errors. Beyond 19.5 km from the coastline, AUSGeoid98 and unretracked-SSH gradients show commensurately small values of 12.5 ppm and À6.4 ppm. For track 21364 ( Figure  8, bottom) , unretracked-SSH gradients are of 803.3 ppm and À363.8 ppm. The relative SSH gradients decrease to $16.0 ppm after retracking for both tracks. Together, these results suggest as well that unretracked SSHs are in error within an along-track distance of 0 -19.5 km from the coastline for tracks 21085 and 21364.
[44] Our retracking system, comprising several retrackers, can improve the SSH profile shoreward several kilometers, say $10-15 km from the coastline in Figure 8 . Comparing the SSH profiles before and after retracking in Figure 8 , the SSH profiles after retracking show a good agreement with the geoid-height profile from $2.5 km to $25 km. However, it is important to note that the retracked SSH profiles cannot be completely closed to the coastline, where the land returns dominate the waveforms. In the case of tracks 21085 and 21364, SSHs to a distance of $2.5 km still cannot be recovered by retracking.
[45] It is also apparent from Figure 8 that the retracking has added some noise. These might be caused, firstly, by the shorter wavelength signal, which suggests that onboard tracking algorithm cannot follow temporal variations of the scattering surface; secondly, by unmodeled non-linear parameters that are neglected in this study (e.g., the skewness). Thus, a low-pass filtering procedure is still essential when using 20 Hz SSH data after retracking for the geophysical application in coastal regions. Alternatively, multiple collinear tracks can be stacked.
Two Cycles of Waveform Retracking Results
[46] For convenience of comparison, the mean and STD of the differences have been plotted via six 5-km-wide distance bands in Figure 9 for cycle 42 and Figure 10 for cycle 43. The STDs are large for both SSH data before and after retracking (Figures 9 and 10 ). This may be due to the temporal variations of the ocean surface, MDT included in the SSHs, and other incorrect corrections, such as ocean tides and wet tropospheric range corrections. Nevertheless, the retracked SSH data show a better precision than the unretracked data.
[47] For both cycles, our results show that both the mean and STD decrease when using retracked SSH data. The values of STD after retracking drop to $1 m when the distance to the coastline is >10 km for cycle 42 ( Figure 9 ) and >5 km for cycle 43 (Figure 10 ). The STD before retracking drops to <$1 m only when the distance to the coastline is >20 km for both cycles. The significant improvement occurs in distances 0-15 km from the coastline. Beyond 15 km, though not statistically significant, there is still a decrease in the STD after retracking.
[48] These results indicate that the retracked SSH is more accurate in coastal regions beyond $5 km in general, while unretracked SSH data only a similar accuracy beyond 15-20 km. As such, retracked SSHs in coastal regions can be used to compute near-coastal geoidal undulations, coastal ocean circulation, gravity anomalies and ocean tides. Also results from Figures 9 and 10 show smaller STDs in all distance bands, implying that waveform retracking also has Figure 9 . Mean (top) and STDs (bottom) of differences between AUSGeoid98 geoid heights and SSH data before and after retracking in six 5 km wide distance bands (cycle 42). 
Discussion and Conclusions
[49] In an effort to improve altimeter-derived SSH results in the well-known problematic coastal regions, this study has developed and tested a coastal retracking system to reprocess satellite radar altimeter waveform data for extracting improved SSH data sets in coastal regions. Investigations of waveform characteristics demonstrate that diverse waveform shapes exist around the Australian coast, and the retracking of 20 Hz waveform data can effectively remove most errors caused by coastal sea states and land-contamination. The development of the coastal retracking system includes design and investigation of algorithms, selection of threshold levels, estimation of biases among different retrackers, as well as the tests on the effectiveness of the system. Two cycles (43 and 44) of ERS-2 20 Hz waveform data within 350 km from the Australian coast have been used for implementation of the system. The AUSGeoid98 model is used as a quasi-independent ground truth for some of the comparisons.
[50] Selection of the threshold retracking level was performed by comparing AUSGeoid98 ''ground truth'' with the SSH data before and after threshold retracking, in ten 15°Â 15°sub-areas and two 5-km-wide distance bands around Australia. Our results confirm that the 50% threshold level is the best for open-ocean waveform, but is not an appropriate level for contaminated coastal waveforms. Instead, a varying threshold level, which is drops to 30% for some waveforms, gives a good agreement between the retracked SSH data and AusGeoid98. This value also agrees with that used by Brooks et al. [1997] .
[51] Biases exit among retracked SSH data from different retracking algorithms. Biases have been analyzed and estimated by retracking ocean waveforms using two cycles of ERS-2 data. The bias between the SSH data retracked by the ocean and 5-parameter fitting algorithms is À0.85 ± 1.35 cm, which is not statistically significant. However, the bias between the 50%-threshold-retracked SSH data and the fitting algorithms (ocean and 5-parameter) is significant at +56.35 ± 5.84 cm, which suggest that this bias must be estimated and applied to the data to obtain consistent results after retracking.
[52] Our waveform classification shows that $80% of contaminated waveforms in coastal regions present an ocean-like shape, but other shapes are found much closer to the coastline from this data set (1.73 -3.12 km on average), in particular high-peaked waveforms (1.73 km from the coastline on average). The waveforms show different percentages when using different retrackers as a function of the sub-area along ground tracks. Retracking in Australian coastal regions shows that $80% -96% of waveforms can be retracked using a least squares iterative fitting algorithm, while $4% -17% of waveforms have to be retracked by the threshold algorithm.
[53] Of these waveforms retracked by fitting algorithms, $98% are fitted using the ocean model (or the 5-parameter model with a linear trailing edge) and the rest are fitted by the 5-parameter model with an exponential trailing edge and the 9-parameter model with either a linear trailing edge or an exponential trailing edge. This indicates that most waveforms in Australian coastal regions are mainly dominated by returns from a single scattering surface. It was also found that the need to use the threshold retracker decreases with increasing offshore distance (35% of waveforms within 0 -5 km to 4% of waveforms within 5 -10 km). Beyond 10 km, only 2% of waveforms are threshold retracked, indicating that the method developed to categorize coastal waveforms is effective.
[54] When comparing AUSGeoid98 with SSH data in Australian coastal regions, single-track comparisons show that the SSH gradients in the vicinity of the land before retracking are large, varying from $363.8 -$À975.6 mm/km over along-track distances of 4.7-19.5 km, which is much larger than the maximum geoid gradient value of $150 mm/km in Australia. After retracking, the SSH gradients decrease by $16.0 mm/km, agreeing well with the geoid gradient over the same distance. This quasi-independent validation, though ignoring DMT, strongly indicates that retracking improves the altimeter-derived SSH in coastal regions.
[55] In general, our coastal waveform retracking system has substantially improved and extended altimeter-derived SSHs $10-15 km shoreward in Australian coastal regions compared with unretracked SSH data, using AUSGeoid98 as a quasi-independent reference. As such, the altimeterderived SSH profiles are now believed to be more accurate beyond $5 km from the Australian coastline.
[56] These improved SSHs also show the same precision as those over open oceans, thus indicating a great potential to apply them to geodetic applications (e.g., tide determination) in coastal regions. However, SSH profiles 0 -2.5 km from the coastline still cannot be recovered by the waveform retracking procedure at the same level of precision. This is attributed to a combination of severe contamination from land and inland water returns, the rougher sea states, as well as incorrect geophysical corrections in these near land areas.
[57] The improvement of the altimeter SSH in Australian coastal waters has demonstrated that our coastal waveform retracking system has the potential to be applied to other coastal regions, as well as to other satellite altimeter waveform data sets (e.g., Jason-1, Envisat and GFO). Higher accuracy of altimeter measurements in coastal regions will help realize a more complete coverage of altimetry missions for various scientific studies. Brown [1977] , the time series of the mean returned power waveform P(t) measured by a satellite altimeter is analytically expressed in the time domain as [e.g., Hayne, 1980; Rodriguez, 1988; Rodriguez and Chapman, 1989; Amarouche et al., 2004] 
where A is an amplitude scaling term, P N is the altimeter's thermal noise, and
where t is the time measured at the satellite such that t = t 0 corresponds to the range to the instantaneous sea level (averaged over the footprint) at nadir, s is the waveform rise-time (i.e., the information relative to the sea surface roughness through the SWH), and
where R % 6371005 m is the spherical radius of the Earth [Moritz, 1980] , h is the satellite altitude above the reference ellipsoid, g is a function of the antenna beam-width parameter q defined by Brown [1977] , and x is the offnadir angle.
[59] The retracking process estimates five parameters of P N , A, t 0 , s and x. These estimates are performed making the measured waveform coincide with equation (A1) according to the iterative least squares fitting procedure.
A2. Threshold Retracking
[60] The empirical method of threshold retracking is based upon the dimensions of a rectangle about the amplitude (A), width (W), and center of gravity (COG) defined and computed using the off-center of gravity (OCOG) retracking method [e.g., Wingham et al., 1986; Partington et al., 1991; Davis, 1995] . The OCOG defines that the area of the rectangle equals that of the waveform, and the height of the COG is a half of the amplitude of the waveform. To reduce the effect of low-amplitude samples in front of the leading edge, the squares of the sample values are used in the computation. The equations used to compute A, W and COG are given in Deng et al. [2002] .
[61] The threshold value is then referenced to the amplitude [e.g., Bamber, 1994] or the maximum waveform sample [e.g., Zwally et al., 1990; Davis, 1997] estimate of the rectangle at 25%, 50%, or 75% of the waveform amplitude. The selection of an optimum threshold level is critical, because the range is determined from it. The retracking gate estimate is determined by linearly interpolating between adjacent samples of a threshold crossing at steep part of the leading edge of the waveform. This algorithm maintains the same advantages as the OCOG, but it can determine a more accurate tracking gate position than the OCOG [Partington et al., 1991] . A disadvantage is that, like the OCOG method, it is not based on a physical model.
A3. B-Parameter Retracking
[62] Martin et al. [1983] develope the first retracking algorithm for processing altimeter return waveforms over continental ice sheets. This algorithm fits a 5-or 9-parameter function to the waveform reflected from one or two scattering surfaces over ice sheets. It is also known as bparameter retracking or the NASA algorithm [e.g., Davis, 1995] . The general function fitting the radar returns is [Martin et al., 1983; Zwally et al., 1990] :
where
where n = 1 or 2 is the number of the ramp in the waveform that corresponds to single-or double-reflecting surfaces, respectively. Double ramps indicate that two distinct, nearly equidistant surfaces are tracked. The unknown parameters are the thermal noise level b 1 , amplitude b 2i , mid-point(s) on the leading edge of the waveform b 3i , the waveform risetime b 4i , and the slope of the trailing edge b 5i . When i = 1 in equation (A6), the corresponding function is 5-parameter model.
[63] When the linear trailing edge is replaced by an exponential decay term [cf. Zwally et al., 1990] , equation (A6) is adapted to give
This function can be used to fit the waveform with a fastdecaying trailing edge, which is caused by beam attenuation. It simulates the antennae attenuation as the pulse expands on the surface beyond the pulse-limited footprint.
Appendix B: Comparison Between Ocean and 5-Parameter Models
[64] Both the ocean (equation (A1)) and 5-parameter models (equations (A6) and (A9)) are based upon the Brown [1977] model. Comparison between them will give qualitative guidance to selecting an adequate fitting function for coastal retracking. In the trailing edge, the normal probability distribution P(x) (or the erf function) is equal to unity for SWHs < 10 m. Thus, in this region, equations (A1), (A6), and (A9) can be written as P t (t), y t (t), and y te (t) parameters of the antenna gain pattern, the Earth's radius and the off-nadir angle x. Of these parameters, x is important because it affects the slope of the trailing edge ( Figure B1 ). From Figure B1 , x changes not only the slope of the trailing edge, but also the slope of the leading edge. The slope of the leading edge decreases with increasing x, while the slope of the trailing edge increases with increasing x. However, the location (or range to the instantaneous sea surface averaged over the footprint) of the mid-point on the leading edge does not change with varying x.
[66] The amplitude of the waveform is also affected (Figure B1 ), where the maximum power in the range window is A = $500 counts when x = 0.0°. Since x changes the decay of the trailing edge, it will affect the value of the automatic gain control (AGC) gate, and hence the AGCscaling of the waveform. Also from Figure B1 , the slope of the trailing edge changes approximately linearly with x. The trailing edge's slope changes its direction at x % 0.6°( Figure B1 ). The reason is as the surface slope increases from zero, the pulse-limited footprint moves from the centre of the beam, and the leading edge and amplitude are attenuated by the antenna gain function. At steeper angles (x > 1°), the attenuation becomes so great that the AGC loop can no longer compensate the loss in signal strength and loss of tracking occurs [e.g., Martin et al., 1983; Barrick and Lipa, 1985] .
[67] The effect of b 51 and b e51 on the waveform using the 5-parameter function is shown in Figure B2 (linear trailing edge and b 21 = 500 counts) and Figure B3 Figure B2 , the power and slope of the linear trailing edge increase as the value of b 51 changes from À0.03 to 0.03. The maximum power is $900 counts when b 51 = 0.03. On the other hand, both the power and exponential decayed slope of the trailing edge decrease with increasing b e51 ( Figure B3 ). The maximum power can be up to $1500 counts when b e51 = 0.03, which is the largest power among Figures B1, B2 , and B3. Similarly to the ocean model, the position of the mid-point on the leading edge is not influenced by variations of the slope in the trailing edge, though b e51 slightly changes the slope of the leading edge. Both trailing edges change their directions after b 51 = 0.0 or b e51 = 0.0.
[68] By comparison of results in Figures B1, B2 , and B3, it is evident that different models have different slopes of the trailing edge. The results in Figure B2 are common with Figure B1 , where the trailing edge region is nearly linear. The slope of the trailing edge in Figures B2 and B3 can vary to a greater extent than the slope of the ocean model ( Figure B1 ). This makes it possible for the 5-parameter model to fit more complex waveforms over non-open-ocean surfaces. However, it can be seen that the slope of the trailing edge from the 5-parameter model (equations (B2) or (B3)) depends only on a non-physical (or empirical) parameter, b 51 (or b e51 ) rather than the antenna off-nadir angle x (equation (B1)). It can thus be concluded that the 5-parameter model is derived from ocean model (equation (A1)) or the Brown [1977] Kirby (Curtin University of Technology, Australia), Graham Quartly (Southampton Oceanography Centre, UK), O.P. Knudsen and O.B. Andersen (Danish National Space Centre, Demark), J.D. Fairhead (University of Leeds, UK), Ronald Brooks (NASA, USA) and George Hayne (NASA, USA) for providing some references and numerous useful discussions. We also thank the anonymous reviewers and the editor (James Kirby) for their comments on this manuscript.
